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ABSTRACT 

The use o f  s e l e c t i v e  e x c i t a t i o n  NMR technique using DANTE pulse sequence i s  
presented as a method t o  o b t a i n  h igher  r e s o l u t i o n  i n  the CP/MAS spectrum o f  
coals. T h i s  technique i s  shown t o  work very wel l  i n  i s o l a t i n g  narrow 
i n d i v i d u a l  resonance l i n e s  from otherwise broad NMR bands u s u a l l y  obtained f o r  
coals. 
ob ta in ing  s t r u c t u r a l  in fo rmat ion  on coals.  
spin d i f f u s i o n  i n  coa ls  w i t h  sp in  l a b e l l i n g  and matching o f  magic angle 
spinning frequency w i t h  the chemical s h i f t  d i f f e r e n c e  i s  discussed. This 
method i s  suggested as a poss ib le  means t o  der ive  a r o m a t i c - a l i p h a t i c  carbon 
c o n n e c t i v i t y  in fo rmat ion .  

Study o f  carbon s p i n  d i f f u s i o n  i s  a l s o  discussed a s  a means o f  
The f e a s i b i l i t y  o f  observing carbon 

INTRODUCTION 

Sol id  s t a t e  1% NMR i s  widely accepted as an important a n a l y t i c a l  technique f o r  
coal c h a r a c t e r i z a t i o n .  The extent o f  s t r u c t u r a l  in fo rmat ion  a v a i l a b l e  from 
s o l i d  s t a t e  NMR experiments on coals i s ,  however, l i m i t e d .  A t y p i c a l  cross- 
eolar izat ion/magic angle sp inn ing  (CP/MAS) 
l i n e s ,  o f t e n  w i t h o u t  much f i n e  s t ruc tu re ,  a t t r i b u t e d  t o  unsaturated and 
saturated carbons. 
coals i s  ma in ly  inhomogenous, i .e . ,  extensive over lap o f  resonance l i n e s  occurs 
due t o  a d i s t r i b u t i o n  o f  s l i g h t l y  d i f f e r e n t  carbon s t r u c t u r e  types (1).  
o f ten  d e s i r a b l e  t o  determine the number o f  unique l i n e s  t h a t  comprise t h e  broad 
band as an important step f o r  e l u c i d a t i n g  t h e  s t r u c t u r a l  fea tures  o f  these 
mater ia ls .  
r e s o l u t i o n  i s  expected by ob ta in ing  the spectrum a t  higher magnetic f i e l d  
strength.  
use o f  s e l e c t i v e  e x c i t a t i o n  pulse techniques ( 2 ) .  
performed t o  r e s o l v e  t h e  broad band i n t o  unique resonance l i n e s .  
experiments can be used t o  reveal extended in fo rmat ion  prev ious ly  obscured by 
over1 ap. 

Another experiment which can prov ide  useful  informat ion on coal s t r u c t u r e  i s  
the study o f  carbon sp in  d i f f u s i o n .  Several studies repor ted  prev ious ly  have 
used carbon and proton sp in  d i f f u s i o n  under favorable circumstances t o  o b t a i n  
in fo rmat ion  on the  domain s i z e  i n  heterogenous s o l i d s  ( 3 ) ,  i n t imacy  o f  mix ing  
i n  polymer blends(4) and carbon-carbon c o n n e c t i v i t i e s  i n  amino ac ids(5) .  
d i f f u s i o n  between s p e c t r a l l y  resolved carbons ( a l s o  re fe red  t o  as spec t ra l  sp in  

spectrum o f  coals shows two broad 

It i s  w e l l  known t h a t  the  nature o f  NMR l i n e  broadening i n  

I t i s  

Due t o  inhomogeneous nature o f  l ine-broadening, no t  much ga in  i n  

An approach t o  achieving higher r e s o l u t i o n  i s  proposed here w i t h  the 

A set o f  such 
A ser ies  o f  experiments are 

Spin 
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d i f f u s i o n )  i s  induced l a r g e l y  v i a  t h e  homonuclear d i p o l a r  coupl ing.  The 
d i f f u s i o n  r a t e  i s  thus dependent upon the  i n te rnuc lea r  d is tance through the  
s t rength o f  t h e i r  d ipo le -d ipo le  coupling. Observing carbon sp in  d i f f u s i o n  i n  
coals, however, i s  extremely d i f f i c u l t  due t o  the s t a t i s t i c a l  d i s t r i b u t i o n  o f  
C-12 and C-13 isotopes which renders average d ipo le -d ipo le  coupl ing t o  be 10-15 
Hz and thus sp in  d i f f u s i o n  r a t e  i s  very slow (.l t o  .01 s - l ) .  Spin d i f f u s i o n  
r a t e  i s  f u r t h e r  reduced by magic angle sp inn ing and coupl ing o f  carbons w i th  
the protons. Therefore, t o  observe carbon sp in  d i f f u s i o n  i n  coals  very l ong  
mixing t ime (1-100 s) wi th  proton decoupling f i e l d  kept  on i s  requi red.  Th is  
places an excessive demand on the instrument performance, bu t  more impor tan t l y  
the sp in  l a t t i c e  r e l a x a t i o n  times can compete w i t h  sp in  d i f f u s i o n  r a t e ,  making 
the  experiment impossible. I n  t h i s  paper we show t h a t  i t  i s  f eas ib le  t o  
observe carbon sp in  d i f f u s i o n  i n  coals  by a combination o f  sp in  l a b e l l i n g  and 
ad jus t i ng  t h e  r o t o r  sp inn ing frequency t o  be equal t o  the chemical s h i f t  
d i f f e rence  ( i n  Hz) o f  two resonance l i nes .  
recent a r t i c l e s  on r o t a t i o n  enhanced sp in  d i f f u s i o n  i n  d i l u t e  sp in  systems by 
Ernst  and co-workers(6) and Veeman and KO-workers(7). They have shown t h a t  
under the cond i t i ons  o f  r o t a r y  resonance, sp in  d i f f u s i o n  r a t e  can be enhanced 
by an order  o f  magnitude. With t h i s  cond i t i on  f u l l f i l l e d  sp in  d i f f u s i o n  
between aromatic and a l i p h a t i c  carbons i n  coals  can be observed i n  as shor t  a 
t ime as 80111s. 

This  work i s  p r i m a r i l y  i n s p i r e d  by 

EXPERIMENTAL 

The experiments were performed on a Chem-Magnetics M-100 spectrometer operat ing 
a t  carbon frequency o f  25.11 MHz. Normal spectrum acquisat ion employed cross-  
p o l a r i z a t i o n  contact  t ime o f  lms w i t h  magic angle spinning. The sp inn ing r a t e  
could be monitored w i t h  a tachometer dur ing the experiment. The sp inn ing r a t e s  
were s tab le  w i t h i n  5Hz. 

Select ive e x c i t a t i o n  experiment proceeds as fo l lows:  c ross -po la r i za t i on  i s  used 
t o  produce t ransverse carbon magnetization. 
restores t h e  magnetization along the external  magnetic f i e l d  d i r e c t i o n .  DANTE 
(2) (delays a l t e r n a t i n g  w i th  nu ta t i on  f o r  se lec t i ve  e x c i t a t i o n )  pu lse sequence 
i s  then used t o  s e l e c t i v e l y  convert a s ing le  resonance l i n e  back t o  the  
transverse plane which i s  then detected under h igh  power proton decoupling. 
DANTE pulse sequence was a ser ies o f  20 pulses o f  0.3 microsec. 
(corresponding t o  a 900 degree non-select ive pulse o f  6.5 microsec. du ra t i on ) .  
100 - 200 microsec. delays were i nse r ted  between the  pulses t o  perform chemical 
s h i f t  s e l e c t i v i t y .  An approximate analys is  i nd i ca ted  t h a t  85% o f  the o r i g i n a l  
i n t e n s i t y  cou ld  be detected. I n te r fe rence  o f  DANTE pulse sequence w i t h  magic 
angle sp inn ing d i d  n o t  present any severe problems. 

Spin d i f f us ion  experiment employed the  spin-exchange pulse sequence described 
i n  d e t a i l  by  Maciel and co-workers(8). High power proton decoupling was appl ied 
dur ing the e n t i r e  experiment. A sequence o f  spectra obtained f o r  20 ana lys i s  
were t ransfered t o  a VAX computer. 
way. The r e s u l t s  are presented as a 2D contour p l o t .  

A non-se lect ive 900 pu lse  then 

long  

The 2D data was processed i n  a standard 
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RESULTS AND DISCUSSION 

A p p l i c a t i o n  o f  s e l e c t i v e  e x c i t a t i o n  and r o t a t i o n  enhanced sp in  d i f f u s i o n  are 
i l l u s t r a t e d  here w i t h  a sample o f  I l l # 6  coal  which has been l e b e l l e d  w i t h  C-13 
enr iched methyl groups a t  var ious r e a c t i v e  s i t e s .  
spectra o f  t h i s  sample. 
spectrum correspond t o  the enriched methyl groups. 
0 - C H 3  and C-CH3 i n d i c a t i n g  methyl groups which are bonded t o  oxygen and carbon 
r e s p e c t i v e l y .  F igure  1B-G shows the  a p p l i c a t i o n  o f  DANTE pulse sequence i n  
i s o l a t i n g  unique methyl resonance l i n e s .  The spacing between the  pulses i n  
DANTE sequence was adjusted i n  successive experiments i n  small increments t o  
cover t h e  f u l l  chemical s h i f t  range. Peaks represent ing unique chemical s h i f t s  
were then se lec ted  t o  i n d i c a t e  the number o f  d i s t i n c t  methyl groups comprising 
t h e  broad l i n e .  
i d e n t i f i e d  f o r  t h e  0 - C H 3  groups occur ing a t  55 and 57 ppm whereas seven d i s t i n t  
peaks were i s o l a t e d  f o r  the  C-CH3 groups ranging from 16 ppm t o  33 ppm (no t  a l l  
peaks are shown i n  the f i g u r e ) .  As an example o f  t h e  r e s o l u t i o n ,  n o t i c e  i n  
f i g u r e  10 t h a t  t h r e e  l i n e s  which are w i t h i n  5 ppm can be d is t ingu ished.  
f i n e  s t r u c t u r e  would otherwise have been obscured by over lap.  

The w id th  o f  the  narrow l i n e s  obtained w i t h  the use o f  DANTE sequence approach 
t h e  values t h a t  a r e  t y p i c a l y  obtained f o r  resolved resonance l i n e s  from a 
p o l y c r y s t a l l i n e  pure compound i n  a CP/MAS experiment. L ine-widths o f  t h e  
i n d i v i d u a l  l i n e s  are i n  the  range o f  1-2 ppm, which i s ,  there fore ,  the  l i m i t  o f  
chemical s h i f t  r e s o l u t i o n  t h a t  can be achieved. 

The a b i l i t y  t o  i s o l a t e  s i n g l e  narrow l i n e s  a f fo rds  the p o s s i b i l i t y  o f  apply ing 
o ther  NMR techniques t o  i d e n t i f y  the chemical na ture  o f  carbons g i v i n g  r i s e  t o  
these l i n e s .  For example, use o f  p ro ton  m u l t i p l e  pulse instead o f  h igh  power 
decoupling d u r i n g  de tec t ion  o f  s i n g l e  l i n e s  would r e s u l t  i n  a spectra t h a t  i s  
i n d i c t i v e  o f  the  number o f  protons attached t o  the carbon (J-spectroscopy)(9).  
Analysis o f  such d i p o l a r  spectra can e s t a b l i s h  the i d e n t i t y  o f  each chemical 
s h i f t  as from methyl, methylene, methine o r  quaternary carbon. 

Figure 2 shows a 20 contour p l o t  f o r  the  sp in  exchange experiment on the same 
I l l # 6  c o a l .  The purpose o f  the experiment depicted here was t o  a c e r t a i n  the 
f e a s i b i l i t y  o f  observing carbon spin d i f f u s i o n  i n  coals.  
r idges  i n  the  2D p l o t  i n d i c a t e  the chemical s h i f t s  t h a t  have p a r t i c i p a t e d  i n  
t h e  sp in  exchange process dur ing  the mixing time. For the spin exchange t o  
occur between two carbon atoms, they must neccessrar i l y  be i n  c lose  p r o x i m i t y  
t o  each o ther .  Since i t  was unknown p r i o r  t o  the  experiments which p a i r  o f  
resonance l i n e s  would s a t i s f y  such condi t ions,  the spinning speed was se t  t o  
2630 H z  which corresponds t o  the  chemical s h i f t  d i f f e r e n c e  ( i n  Hz) o f  t h e  
h ighes t  p o i n t  of the  C-CH3 band and the highest p o i n t  o f  the  aromatic band. 
This was done w i t h  the assumption t h a t  the C-13 enriched methyl groups d i r e c t l y  
at tached t o  the  aromat ic r i n g  s t r u c t u r e  would have the grea tes t  p r o b a b i l i t y  o f  
undergoing sp in  exchange w i t h  the  aromatic carbons. 

Spin d i f f u s i o n  i s  enhanced f o r  those carbon spins whose chemical s h i f t  
d i f ferences are matched by the spinning frequency(6,7). To der ive  s t r u c t u r a l  
parameters from such experiments, a ser ies  o f  2D experiments would have t o  be 
performed cover ing  f u l l  s h i f t  range o f  aromatic and a l i p h a t i c  carbon band 

Figure 1 A  shows the  CP/MAS 
Two intense peaks i n  t h e  a l i p h a t i c  reg ion  o f  the  

These have been l a b e l l e d  as 

With t h i s  procedure o n l y  two unique resonance l i n e s  cou ld  be 

Such 
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widths.  A l t e r n a t i v e l y  i t  i s  p o s s i b l e  t o  
d e r i v e  t h e  same in fo rma t ion  i n  l e s s  t ime  by 1D NMR wi th  t h e  use o f  DANTE 
sequence as demonstrated by E rns t  and co-workers(6) f o r  pure  model compound. 

The s tudy  o f  s p i n  d i f f u s i o n  i s  an ex t remely  p romis ing  techn ique f o r  o b t a i n i n g  
s t r u c t u r a l  i n f o r m a t i o n  about s p a t i a l  p o s i t i o n s  o f  carbon atoms i n  so l  i d s ( l 0 ) .  
I n  p a r t i c u l a r ,  r o t a t i o n  enhanced s p i n  d i f f u s i o n  appears t o  be a w e l l  s u i t e d  
techn ique t o  s tudy  t h e  a r o m a t i c - a l i p h a t i c  carbon c o n n e c t i v i t i e s  i n  coa ls .  
an approp r ia te  cho ice  o f  m ix ing  t ime, i t  should be p o s s i b l e  t o  d i s c r i m i n a t e  
between p a i r s  o f  carbon atoms as d i r e c t l y  bonded o r  two o r  more bonds away, 
? . e . ,  a l i p h a t i c  carbons a lpha t o  t h e  aromat ic  r i n g  versus o thers .  

Th is  would be very  time-consuming. 

With 
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Flgure 1: &plication of DANTE pulse sequence to' isolate iavldual components of . 
the C-13 enriched O-ctl3 and C-ctl3 groups. See text for &calls. 
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Figure 2: Absolute mode two dimensional contour p l o t  for sp in  exchange w i t h  
80 rn mixing time for label led  111#6 coal. 
Mrukings on the axis are Sa ppm. 

Spinnlng frequency - 2630 Hz. 
Sea t ex t  for details. 
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